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1. Introduction 
In order to ensure the reliability and safety of the nuclear power plants, a good 
knowledge of the different patterns of flow and heat transfer modes is necessary. These 
patterns can occur depending on the type of reactor (BWR, PWR, etc.) or facility.  
 
Figure 1. Boiling curve and pertinent flow and heat transfer modes, reproduced from [1] 
In Figure1, these heat transfer modes can be observed on the boiling curve. The blue 
line represents the relationship between log(q)-log    . Where q is the heat flux and 
         is the wall superheat, namely the difference between the wall temperature 
(Tw) and the liquid’s saturation temperature (Ts). [2] 
The first zone, before the point A, corresponds to the convective heat transfer. The next 
zone, from A to B, is labeled partial nucleate boiling or subcooled nucleate boiling. This 
zone is characteristic for small bubbles created on the surface of the rods that collapse 
once they have take off due to condensation. Thus, the bubble layer flows parallel and 
adjacent to the wall with liquid flowing at the center of the channel. The zone between 
B and C is known as a fully developed nucleate boiling or saturated nucleate boiling. In 
this kind of flow mode the bubble detach from the heated surface and move along the 
channel. Once the point C has been surpassed the heat transfer can be transition boiling 
or stable boiling. These states can be recognized by a layer of vapor which covers the 
heat transfer and prevents the liquid from cooling the heat surface properly. [2] 
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The transition boiling takes place when the wall temperature is the controlled parameter. 
Usually, it occurs in facilities where no radioactive component is used to heat the rods. 
So long as the heat flux is the controlled parameter, which occurs in nuclear reactors, 
the boiling curve is a mix between the boiling curve given when the wall temperature is 
controlled and the arrows depicted in Figure 1. In this case, the transition boiling will 
not happen. [2] 
Obviously, some heat transfer modes require much more study than others due to its 
importance in the heat transfer as well as some points of the boiling curve. One of these 
points which has been studied during years and is still studied is the point so-called 
Critical Heat Flux (CHF). This point is depicted by C in Figure 1. The CHF is the point 
where the nucleate boiling crisis is produced, namely the change from nucleate to film 
boiling. 
Tong suggested two type of boiling crisis flow patterns: 
 Departure from Nucleate Boiling (DNB): The sharp reduction of core flow 
occurring during the first few seconds of blowdown in a PWR large-breach 
usually result in DNB. It happens at low qualities and subcooled conditions or 
bubbly flow. When this happen the stagnant fluid evaporates bringing about a 
vapor blanket on the wall, which hinders the heat transfer. Hence the heat 
transfer rate is considerably reduced. [2] [3] [4] 
 Dry-out: It happens at high or moderate qualities and saturated conditions or 
annular flow. In this case, a thin liquid film flows adjacent to the rods and a 
vapor and entrained droplets in the center of the channel. The increase of 
temperature on the wall of the heat surface is not as significant as the surge in 
the DNB [2] [3] .The thesis will not focus on Dry-out. 
When DNB occurs the temperature on the heat surface is high enough to deform, swell, 
embrittle and burst the fuel cladding. Hence, the nuclear plant is jeopardized by the 
DNB. Thus, the PWR reactors are design to work in normal operation and transients of 
moderate frequency but never in DNB conditions. 
Consequently, since the early days of nuclear plants, an exhaustive study of DNB has 
been carried out and is still being carried out so as to avoid damages on the reactor. 
“The prediction of post Critical Heat Flux (CHF) behavior is complicated by the highly 
nonlinear thermal behavior of boiling interfaces” [5], due to that the CHF is described 
by experimental correlations. These correlations have been created in facilities varying 
either thermal-hydraulics parameters that can affect the DNB, such as core power level, 
power distribution, coolant flow rate, coolant temperature, and system pressure [6], or 
geometric parameters such as bundles, pitch-rod distances, heat surface roughness, 
space grids, etc.  
More than 200 correlations have been created to correlate several hundred thousand 
CHF data points obtained in different labs around the world [2]. It gives an idea how 
important is the study of the DNB. 
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The aim of this thesis is the assessment and validation of numerical models for the 
prediction of detailed subchannel void distribution and departure from nucleate boiling 
(DNB) to a full scale data on a prototypical PWR rod bundle. The software TRACE, 
designed by the United State Nuclear Regulatory Commission, was used. The 
prototypical PWR rod bundles and the full scale data has been drawn from the 
OECD/NRC Benchmark Based on NUPEC PWR Subchannel and Bundle Test (PSBT). 
In Figure 2, can be observed the aim of this manuscript schematically.  
 
Figure 2. Aim of the manuscript 
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2. Description of the facility 
The experiments to elaborate OECD/NRC Benchmark Based on NUPEC PWR 
Subchannel and Bundle Test (PSBT) [7] were performed at the Takasago Engineering 
Laboratory. It “is located at the south-west corner of the Takasado Machinary Works, 
Mitsubishi Heavy Industries, LTD. (MHI) and the ground area is 7758 m
2.” [8] 
The basic design of the facility was made in 1978. Five years later, in 1983, the detailed 
design was elaborated. One year after, in 1984, the laboratory began to be built up. The 
laboratory was entirely built up in1987. The same year that the construction was over, 
the facility began the experiments. They were completely done in 1989. 
The aim of this facility is to prove and verify tests on the safety and reliability of 
components and equipments for PWR nuclear power plant. 
 
2.1. Test Facilities 
The facility can simulate thermal-hydraulics conditions that can be given in a PWR 
reactor such as void distributions and DNB [9]. In Figure 3 and 4, can be seen a diagram 
of how looks the facility.  
 
Figure 3. System diagram of PWR Fuel Assembly Void and DNB Measurement Test 
Facility, reproduced from [8]. 
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Figure 4. PWR Fuel Assembly Void and DNB Measurement Test Facility, reproduced 
from [8]. 
The main parts of the facility are: 
 Test section 
 Steam drum 
 Preheater 
 Air-cooled heat exchanger 
 Circulation pump 
 Spray pump 
 Power source system 
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The test loop supplies high-temperature and high-pressure water to the test section. It 
was subdivided into two kinds, one for subchannels and other for rod bundles. Both 
kinds have an internal structure to simulate the characteristics of a PWR core.  
“The steam drum is a pressure vessel provided with a heater and a water spray nozzle. 
The steam drum is used as the pressurizer when increasing the temperature and 
pressure. It raises the pressure in the test loop prior to raising the temperature. It 
controls the pressure of the loop by modifying the flow rate of spray water and the 
heater power. It stabilizes the operating conditions by absorbing the change in the 
volume of stored water caused by external turbulence during the test or changes in the 
test conditions. It secures the heater capacity that can respond to the transient test.” [10]. 
To ensure that the inlet temperature is the appropriate, the test loop is fitted with the 
preheater which makes fine adjustments on the coolant temperature before the test 
section. [10] 
Air-cooled heat exchanger is the device that keeps the desired temperature and pressure 
by cooling the circulating water. The heat exchanger exchanges heat from the system to 
an air flow outside the system. The air flow rate is control by a fan. [10] 
Circulation pump supplies the test section with the required mass flow. The flow rate is 
controlled by flow rate control valve. [10] 
Spray pump supplies the steam drum with the required volume of water to maintain the 
loop stable. [10] 
“The power source system consists of the high-voltage electricity reception/delivery 
system.” [10] 
In Table 1, can be seen some of the specifications of the components. 
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Table 1 
Component Specifications 
Test section Type: Vertical cylinder 
Design pressure: 195 kg/cm
2
G 
Design temperature: 362ºC 
Steam drum 
 
 
Type: Vertical cylinder 
Design pressure: 195 kg/cm
2
G 
Design temperature: 362ºC 
Total heat generation: 750 kW 
Preheater Type: Sheath heater heating system 
Design pressure: 195 kg/cm
2
G 
Design temperature: 362ºC 
Total heat generation: 450 kW 
Air-cooled heat exchanger 
 
Type: Lateral forced ventilation type 
Design pressure: 195 kg/cm
2
G 
Design temperature: 362ºC 
Total heat generation: 13.5 MW 
Circulation pump Type: Canned motor pump 
Design pressure: 195 kg/cm
2
G 
Design temperature: 362ºC 
Flow rate: 100 m
3
/h 
Lift: 200 m 
Spray pump Type: Canned motor pump 
Design pressure: 195 kg/cm
2
G 
Design temperature: 362ºC 
Flow rate: 90 m
3
/h 
Lift: 210 m 
 
2.2. Heat Rods 
The heat rods, which have a manufacturing tolerance of 0.02 mm, are one of the most 
important structures in the experiments because it is the provider of power. 
Consequently, a small section is dedicated to them. In Table 2, the features of the rods, 
used in the subchannel, are described. Figure 5 depicts the subchannel rods. 
Table 2 
Item Data 
 
Heater 
Outer radius (mm) 4.75 
Thickness (mm) 0.85 
Material Inconel 600 
Heating method Direct Heating 
Insulator Outer diameter (mm) 31 
Material Aluminia 
 
Pressure vessel 
Inner diameter (mm) 32 
Thickness (mm) 4 
Material Titanium 
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Figure 5. Heat rod used in subchannel tests, reproduced from [7] 
 
For the rod bundle, the Figure 6 depicts the heat rods used in the rod bundle assemblies 
and Table 3 describes its features. 
Table 3 
Item Data 
 
Heater 
Outer diameter (mm) 9.50 
Thickness (mm) 0.65 
Material Inconel 600 
Heating method Direct Heating 
Insulator Outer diameter (mm) 8.20 
Inner diameter (mm) 5.80 
Material Aluminia 
 
 
 
Figure 6. Heat rod for the rod bundle assemblies, reproduced from [7] 
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2.3. Measurement Instrumentation 
In order to obtain the data to assess the codes the facility is equipped with measurement 
instrumentation. The section is divided in void distribution and DNB measurement, 
each one requires different instrumentation. 
 
2.3.1. Void Distribution Measurement  
The system to measure the void distribution is based in measuring the gamma-ray 
attenuation. The gamma source used is a 
137
Cs having a half life of about 30 years. Its 
initial activity is 3.7·10
11
Bq. 
Subsequently, the measured gamma-ray attenuation is converted to void fraction. The 
equations used in that process are: [10] [11] 
     
                                                         (1) 
Where     is the count rate for incident bean without attenuation. 
    is the mass attenuation coefficient 
L is the attenuation length 
  is density, which is related to the void fraction   
                                                        (2) 
   is the density of gas 
   is the density of liquid 
Rearragement of (2) leads to: 
  
  
     
 
 
     
                                              (3) 
To measure the void fraction two devices are used: 
 Gamma-ray CT scanner system 
 Two densitometer system 
The gamma-ray CT scanner under steady-state conditions, Figure 7, is possible to get 
the distribution density/void fraction. The gamma-ray CT scanner contains “a 
collimator, a scintillator, a light guide, a photomultiplier and a preamplifier” [11]. The 
CT scanner operates by a translate/rotate system. The gamma-ray is first collimated. 
Subsequently, the gamma-rays are attenuated by the coolant. Afterwards, the attenuated 
rays are detected by the detector. Once the data is obtained it is possible to create an 
image. [10] [11]  
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The two densitometer systems, Figure 8, give the x-direction and y-direction chordal 
average void fraction. Each system is made up of a gamma-source and a detection part. 
The systems are mounted on the CT scanner but it doesn’t translate and rotate. [10] [11] 
 
Figure 7. Gamma-ray CT scanner system, reproduced from [7] 
 
Figure 8. Densitometer system, reproduced from [7] 
 
 
13 
 
 
Figure 9. Void distribution equipment, reproduced from [7] 
The CT scanner is just used in the subchannels tests. In Table 4 is possible to observe 
the number of devices used for the measurement according to the test assembly. 
Table 4 
Test assembly CT Measurement Chordal Measurement 
Subchannel 2 
(X and Y direction) 
2 
(X and Y direction) 
Rod bundle - 6 beamx2x3 section 
(total 36 beams) 
 
The CT scanner requires 2 hours for measurement and it has been measure 2 times per 
experiment, while the two densitometers just require 100 seconds for measurement. 
In Figure 9, it is possible to see how the device looks and Table 5 the estimated 
accuracy for the void fraction measurements. 
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Table 5 
Quantity Acurracy 
Process parameters  
Pressure 1 % 
Flow 1.5 % 
Power 1 % 
Fluid Temperature 1 Celsius 
Void fraction measurement  
     CTmeasurement  
Gamma-ray beam width 1 mm 
Subchannel averaged (steady-state) 3 % void 
Spatial resolution of one pixel 0.5 mm 
     Chordal Measurement  
Gamma-ray beam width (center) 3 mm 
Gamma-ray beam width (side) 2 mm 
Subchannel averaged (steady-state) 4 % void 
 
2.3.2. DNB Measurement  
To measure the temperature of the DNB experiments a set of thermocouples have been 
inserted inside the heat rods. The number of these thermocouples and localization 
depend on the model of bundle as can be seen in Figure 10. Table 6 shows the estimated 
accuracy of the measures. [7] 
Table 6 
Quantity Accuracy 
Process parameters  
Pressure 1 % 
Flow 1.5 % 
Power 1 % 
Fluid temperature 1 Celsius 
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Figure 10. Axial distribution of the thermocouples, reproduced from [7] 
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3. Description of the Method 
To predict the void fraction and the DNB in the prototypical PWR subchannel and rod 
bundle, the software TRACE has been used. It is a “best-estimate reactor systems codes 
developed by the U.S Nuclear Regulatory Commission for analyzing transient and 
steady-state neutronic-thermal-hydraulic behavior in light water reactor” [12]. TRACE 
code can also be applied to other sort of reactors such as heavy water reactors, helium 
reactors, lead bismuth reactors, etc. 
 In the following section is described how TRACE works. 
 
3.1. Overview of TRACE 
“The models used include multidimensional two-phase flow, nonequilibrium thermo-
dynamics, generalized heat transfer, reflood, level tracking, reactor kinetics, automatic 
steady-state and dump/restart capabilities.” [12] 
The partial differential equations of two-phase flow and heat transfer are calculated by 
finite volume numerical methods. Semi-implicit time-differencing technique is used to 
estimate the heat transfer. To calculate the fluid-dynamics equations in the spatial one-
dimensional (1D) or three-dimensional (3D), the program use a multi-step time 
differencing procedure even though a simpler semi-implicit time-differencing method 
can be applied if it is required. [12]  
TRACE allows the representation of each physical piece of equipment as some type of 
component. The equipment is able to acquire different nodalizations and physical 
volumes. [12] 
“The code’s computer execution time is highly problem dependent and is a function of 
the total number of mesh cells, the maximum allowable timestep size, and the rate of 
change of the neutronic and thermal-hydraulic phenomena being evaluated.” [12]  
 
3.2. TRACE Fluid Field Equations 
The TRACE code is based on the 6-equation time-averaged two-fluid model. As 
following these equations are introduced: 
 
Time Averaged Mass Equations 
 
            
  
               
                                                                             (4) 
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Time Averaged Energy Equations 
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Time Averaged Momentum Equations 
 
                
       
  
                       
                                                (8) 
 
            
        
  
                     
                                                                             (9) 
 
The right hand side of the energy and momentum equations has been modified (revised) 
with engineering correlations. 
In the energy equation, q’ (heat flux) is modified in order to add energy flux owing to 
turbulence diffusion. The energy as a consequence of mass transfer at the interface is 
represented by the products of mass transfer rate and appropriate stagnation enthalpy at 
the interface,    
  and    
 . Work done on the fluid is divided into the pressure terms in 
the stress tensor, and the work done by shear stress and by interfacial force terms which 
is depicted as W. 
In the momentum equation pressure is isolated from the stress tensor and viscous shear 
stress terms are combined with the Reynolds stress into a single tensor R. 
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Revised Time Averaged Energy Equations 
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Revised Time Averaged Momentum Equations 
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                                                                       (13) 
 
The engineering correlations have been added and the TRACE flow model was 
reformulated as a volume averaged form. Initially, the overbar is dropped and all 
variables are treated as time averages. Afterwards, the overbar is returned to the 
notation as a volume average of terms in the conservation equations. 
 
Volume Averaged Mass Equations 
 
                        
  
                
                                                                                     (14) 
 
          
  
           
                                                                                          (15) 
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Volume Averaged Energy Equations 
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Volume Averaged Momentum Equations 
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Subsequently, a set of approximations is made: 
 
1) “The volume average of a product is assumed to be equal to the product of 
volume. This is reasonable if the averaging volume is small enough, but 
eventually when applied within the finite volume context to reactor systems, 
the averaging volume will span flow channels. In this case, the 
approximation is good for most turbulent flow due to the flat profile across 
most of the flow cross-section. However, for laminar single phase flow in a 
circular channel cross-section, when the average of the product of two 
parabolic profiles is replaced by the product of the averages velocities, 
momentum flux terms will be low by 25%. Flows with rising droplets and 
falling wall film or certain vertical slug flow will also present problems.” 
[12] 
 
2) “Only contributions from wall heat fluxes and heat fluxes at phase interfaces 
within the averaging volume are normally included in the volume average of 
the divergence of heat flux. An option exists to include the conduction heat 
flux within the fluid, but no provision has been made for turbulent heat flux 
between averaging volumes. In effect, heat flux is a subgrid model. This 
20 
 
approximation prevents accurate calculations of such phenomena as collapse 
of a steam bubble blocking natural circulation through a B&W candy-cane, 
or of the details of steam condensation at the water surface in an AP1000 
core makeup tank. From a practical standpoint, lack of the volume to volume 
heat diffusion terms will not make a major difference in a simulation. For 
any normal spatial discretization the numerical diffusion will significantly 
exceed the physical thermal diffusion.” [12] 
 
3) “Only contributions from the stress tensor due to shear at metal surfaces or 
phase interfaces within the averaging volume are considered. No 
contributions due to shear between flows in adjacent averaging volumes is 
included. Again from a practical standpoint, numerical diffusion terms 
exceed any physical terms dropped by this approximation. However, code 
users need to understand that field equations with this approximation are not 
capable of modeling circulation patterns within a large open region 
regardless of the choice of mesh size.” [12] 
 
4) “Only those portions of the work terms Wl and Wg that contribute to change 
in bulk kinetic energy of motion are retained. Viscous heating is ignored, 
except as a special model within pump components, accounting for heating 
of the fluid by a pump rotor, through the direct heating source term qdl.” [12] 
 
3.3. Numerical Methods 
In order to solve the problems of simulation, TRACE contains a set of numerical 
methods, semi-implicit method and fully implicit method (SETS). The default option is 
the fully implicit method. These ensuing equations are detailed in this section. 
Terms expressing mass and energy flow for the j
th
 finite volume have the following 
form: 
 
   
     
                             
  
 
                                                               
  
                  (20) 
 
j correspond to the cell that is been calculating by the code. Whether there is a variable 
cross-section, the equation 20 is modified to the equation 21. 
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Semi-Implicit Equations of motion 
Combined Gas 
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The phrase “combined gas” refers to the mixture of noncondensable gas and steam, 
which is assumed to move with no interspecies diffusion. 
 
Liquid 
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Semi-Implicit Mass Equations 
 Combined Gas 
  
      
      
    
 
  
        
   
                                                  (24) 
 Non condensable gas 
   
      
      
    
  
  
        
   
                                                    (25) 
  
Liquid 
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Semi-Implicit Energy Equations 
 Combined gas 
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 Total Fluid (gas and liquid) 
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Fully implicit 
Stabilizer Equations of motion 
Combined Gas 
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Stabilizer Mass  equations 
 Combined Gas 
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Non condensable gas 
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Liquid 
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Stabilizer Energy equations 
Combined Gas 
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Liquid 
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3.4. Flow Regime Map 
TRACE considers three distinct classes of flow regimes [12]: 
 Pre-CHF: these consist of the bubbly/slug and the annular/mist regimes; 
 Stratified: the horizontal stratified flow regime; 
 Post-CHF: this encompasses the “inverted” flow regimes that occur when the 
wall is too hot for liquid-wall contact. 
This section explains the Pre-CHF Flow Regime Map because it is related to the 
exercises carried out in this manuscript. The Stratified flow only occurs if the 
inclination of the pipe is less than 80 degrees, which is not relevant to the experiments 
considered here. The Post-CHF does not occur either. The only behavior consider after 
the CHF is the DNB and is explained below. 
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In the Pre-CHF, the models that the program uses in this first exercise are:       
1. Dispersed Bubbly Flow: Only is considered the churn-turbulent flow. The 
churn-turbulent flow regime describes a modeling between “ideal bubbly flow” 
and slug flow.  The pattern is agitated and unsteady. There are agglomerations 
and an important entrainment of bubbles.  
 
2. Slug Flow or Taylor Cap Bubbly Flow: that is the regime that follows the 
dispersed bubbly flow, once the void fraction increase. This transition is done 
when the void fraction is greater than 30%. As can be seen in Figure 11. 
 
Figure 11. Void fraction versus gas supercifial velocity in TRACE, reproduced from 
[12] 
 
3. The Annular/Mist flow: This flow “is treated as a superposition of interfacial 
drag on a liquid film and on entrained droplets” [12]. The transition between the 
slug flow and the annular mist flow relies on the interfacial drag coefficient. The 
formula used to determine this interfacial drag value, which is related with the 
void fraction, is: 
 
        
      
                                                             (36) 
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In Figure 12, can be observed graphically the behavior of these flows. 
 
Figure 12. Pre-CHF Flow Map, reproduced from [12] 
 
3.5. DNB in TRACE 
TRACE uses a look-up table based on D. C. Groeneveld [13] to determine the DNB. 
The CHF temperature is determined through iterative solution of the following 
equation:  
   
            
                                                                                         (37) 
 
The database of the look-up table spans the following range of conditions: 
 
                                                                                                   (38) 
                                                                                                   (39) 
            
  
   
                                                                                   (40) 
                                                                                                        (41) 
                                                                                                   (42) 
 
The critical heat flux is found using: 
 
    
                                                                                             (43) 
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Where 
 K1 is the correction factor for tube diameter; 
 K2 is the correction factor for rod bundle geometry; 
 Ks is the correction factor for low flow conditions; 
 fn{P,G,x} is the table look-up value, which is a function of pressure, maxx flux 
and quality. 
 
K1 correction factor is calculated by: 
 
                                                                                              (44) 
 
K2 correlation factor is calculated by: 
 
      
 
  
           
    
 
                                                                  (45) 
 
Where (P/DR) is the pitch-to-diameter ratio for the bundle.  
 
For subcooled pool boiling, the increase in the CHF with subcooling was modeled using 
the correlation of Ivey and Morris [14]. For negative values of quality the CHF table 
was then computed from: 
    
                 
                                (46) 
 
Where     
             is the CHF value from the Zuber pool boiling [15] model 
and  
       
  
  
 
    
 
    
   
                                                (47) 
 
“For low flow two-phase conditions, the value of the pool boiling CHF decreased in an 
approximately linear manner with the decrease in the liquid fraction” [12]. In order to 
achieve that approach, the CHF look-up table uses the static quality to calculate 
the     
            . Thus, 
    
                 
                                (48) 
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Where 
             
       
    
                                    (49) 
 
The mass flux boundaries of the low flow region for the AECL-IPPE CHF look-up table 
are defined as             
  
   
 . A linear extrapolation is carried out between 
the value at the limit and the pool boiling value with the quality set to the static value. 
When           
  
    
  , TRACE uses: 
    
                
                        
                 (50) 
 
Where the weight factor is: 
                                                        (51) 
 
When           
  
    
  , TRACE uses: 
    
                
                        
                 (52) 
 
Where the weight factor is: 
                                                    (53) 
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4. Description of the Model 
Each series of experiments has been carried out with its own characteristic assembly as 
it is depicted Table 7 and Table 8. 
Table 7. Void Fraction Test 
Test 
Series 
1 2 3 5 6 7 8 
Assembly S1 S2 S3 B5 B6 B7 B5 
 
Table 8. DNB Test 
Test 
Series 
0 1 2 3 4 8 11T 12T 13 
Assembly A0 A1 A2 A3 A4 A8 A11 A12 A4 
 
As can be seen, Series 5 and 8 of the Void Fraction Test shared the same assembly as 
well as Series 4 and 13 of DNB Test.  
Some of these assemblies comprise the same components. It means that they can be 
considered as geometrically equivalent, although it can contain slightly differences in 
the fill, break, power, etc.  
 
4.1. Void Fraction Models 
The Subchannel Models are S1, S2, and S3. S1 is a subchannel center, S2 a subchannel 
center with thimble and S3 is a subchannel side.  
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4.1.1. Subchannel Models 
The parameters stated for these models are described in Table 9. 
Table 9 
 S1 S2 S3 
Number of heaters 4x1/4 3x1/4 2x1/4 
Axial heated 
length (mm) 
1555 1555 1555 
Axial power shape Uniform Uniform Uniform 
Flow area (mm
2
) 107.098 107.098 68.464 
Heated perimeter 
(mm) 
29.845 22.384 14.923 
Wetted perimeter 
(mm) 
56.645 56.645 44.923 
 
Figure 13 depicts the axial section of the models and the Figure 5 in chapter 2 
represents the cross-section. 
 
Figure 13. Model S1, reproduced from [7] 
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In order to model this experiment in TRACE, the software SNAP was used. The Trace 
model consists of: 
 Three hydraulic components. 
 One control system. 
 One thermal power. 
 One power component. 
 Four connections. 
 
The hydraulic components have been: 
 Pipe 
 Fill 
 Break 
The pipe has being modeling with the parameters in Table 10. 
Table 10 
 S1, S2 S3 
Total length (m) 1.555 1.555 
Hydraulic diameter (m) 7.8395·10
-3 
6.096·10
-3 
Number of cells 20 20 
Orientation Vertical Vertical 
 
All the cells of the pipe have the same length. It is calculated dividing the total length 
per the number of cells. 
To define the pipe, the volume and flow per node have to be given. Besides, the pipe 
requires initials conditions like pressure and temperature of the liquid and gas. The 
temperature of liquid and gas has been considered equal due to a steady-state. Hence, 
the liquid and gas are in thermal equilibrium. 
The hydraulic diameter has been calculated by: 
   
          
                
                                             (54) 
 
 
 
The fill is the hydraulic component controls the boundary conditions of mass flow and 
temperature of the system. 
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The Break is the hydraulic component controls the boundary conditions of pressure of 
the system. 
The control system is the signal variable time. It means that the solution of the problem 
relies on the time. 
The thermal power is a heat structure which work as a rod. At the same time, it is 
linked with the power component to exchange heat with the coolant. The features are 
described in Table 11. 
Table 11 
 S1 S2 S3 
Geometry Cylindrical Cylindrical Cylindrical 
Plane Along Z Along Z Along Z 
Surface Outer Outer Outer 
Thickness (m) 4.75E-3 3.5625E-3 2.3751E-3 
Material Inconel 600 Inconel 600 Inconel 600 
Radial Nodes 5 5 5 
Starting at Cell 1 1 1 
Ending at Cell 20 20 20 
 
The sort of material that has to be used is drawn from OECD/NRC Benchmark Based 
on NUPEC PWR Subchannel and Bundle Test (PSBT) [7]. The inner radius is always 0 
m in all the models.  
The power component is a power element of constant power. Its radial power shape is 
adjusted to turn off power in non-fuel region and its power shape table is uniform. In 
order to define the power the initial power has to be given. 
The connections are: 
1. From Break to Pipe 
2. From Pipe to Break 
3. Between Heat Structure and Pipe 
4. Between Heat Structure and Power 
In Figure 14, can be seen how the model in SNAP looks. 
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Figure 14. SNAP subchannel model 
 
4.1.2. Bundle Models 
The bundle models for the void fraction measurement are B5, B6, and B7. The three are 
“electrically heated 5x5 Bundle that can simulate the same conditions as 17x17 PWR 
fuel assembly used in reactors.” [8] 
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The parameters stated for this model are in Table 12. 
Table 12 
 B5 B6 B7 
Rods array 5x5 
Number of heated rods 25 24 
Number of thimble rods 0 1 
Heated rod outer 
diameter (mm) 
9.5 
Thimble rod outer 
diameter (mm) 
- - 12.24 
Heated rods pitch (mm) 12.6 
Axial heated length (mm) 3658 
Flow channel inner width 
(mm) 
64.9 
Axial power shape Uniform Cosine Cosine 
Number of MV spacers 7 
Number of NMV spacers 2 
Number of simple spacers 8 
MV spacer location (mm) 471, 925, 1378, 1832, 2285, 2739, 3247 
 
NMV spacer location 
(mm) 
2.5, 3658 
 
Simple spacer location 
(mm) 
 
237, 698, 1151, 1605, 2059, 2512, 2993, 3051 
 
 
As well as the subchannel models, in order to model this model in TRACE, the software 
SNAP was used. In SNAP has been created: 
 Three hydraulic components. 
 One control system. 
 One thermal power. 
 One power component. 
 Four connections. 
The hydraulic components have been: 
 Pipe 
 Fill 
 Break 
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The features of the pipe model can be seen in Table 13. 
Table 13 
 B5, B6 B7 
Total length (m) 3.658 3.658 
Hydraulic diameter (m) 9.7042·10
-3 
9.427·10
-3 
Number of cell 24 24 
Orientation Vertical Vertical 
Volume per cell (m
3
) 3.7189·10
-4 
3.6476·10
-4 
Flow area per cell (m
2
) 2.44·10
-4 
2.3931·10
-4 
 
In order to define the pipe, the same conditions, that the pipe of the subchannels models, 
have to be given. The differences of the pipe of model B7 are due to the thimble. 
Additionally, the spacers have to be placed in the properties of the pipe as a factor 
friction. In the given parameter the reader can discern amongst three kinds of spacers 
but according to OECD/NRC Benchmark Based on NUPEC PWR Subchannel and 
Bundle Test (PSBT)  [7] the pressure loss coefficients are provided as k=1 for the three 
types of spacers. Using SNAP/TRACE these spacers can just be placed in the edges of 
the cells (nodes) of the pipe. Hence, the location of the spacers is not exactly equal to 
the location of the spacers on the facility. Each spacer has been placed to the closest 
edge, even though it is already occupied by other spacer it will place in the next edge. 
This location of the spacers can be seen in Table 14 A and 14 B, where N means that 
there is not spacer at this edge and Y means that there is a spacer. 
Table 14 A 
Edge 1 2 3 4 5 6 7 8 9 10 11 12 
Spacer Y N Y Y Y N Y Y N Y Y N 
 
Table 14 B 
Edge 13 14 15 16 17 18 19 20 21 22 23 24 25 
Spacer Y N Y Y N Y Y N Y Y N Y Y 
 
The Fill and Break work the same as the subchannels models. 
The control system is the signal time variable as the subchannels models. 
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The thermal power’s features can be seen in Table 15. 
Table 15 
 B5, B6 B7 
Geometry Cylindrical Cylindrical 
Plane Along Z Along Z 
Surface Outer Outer 
Thickness (m) 4.75E-3 4.75E-3 
Material Inconel 600/Boron-nitride Inconel 600/Boron-nitride 
Radial Nodes 10 10 
Starting at Cell 1 1 
Ending at Cell 24 24 
Surface multiplayer 25 24 
 
The only difference of heat structure of B7 is that the number of multipliers decreases 
one unit due to the thimble. The surface multiplayer represents the number of heated 
rods. 
The sort of material that has to be used is drawn from OECD/NRC Benchmark Based 
on NUPEC PWR Subchannel and Bundle Test (PSBT) [7]. The inner radius is always 0 
m in all the models.  
The radial material used does not affect the temperature of the surface because the series 
of experiments to these bundles are steady-state. Therefore, there is a thermal-
equilibrium. 
All the radials nodes has the same radial length that is 5.27·10
-4 
m, and from 3.694·10
-4 
m to 4.75·10
-4 
m the material Inconel 600 has been used. Boron-nitride has been used, 
from 0 to 3.694·10
-4 
m, to simulate the hollow and the insulator.  
The power component is a power element of constant power. Its radial power shape is 
adjusted to turn off power in non-fuel region and its power shape table is uniform. In 
order to define the power the initial power has to be given. The axial power density is 
uniform for B5 but has a cosines shape for B6 and B7. The density of these powers can 
be seen in Table 16 A and 16 B. The axial power distribution can be seen in Figure 15. 
 
 
Table 16 A 
Axial 
Node 
1 2 3 4 5 6 7 8 9 10 11 12 
Power 
density 
0.42 0.47 0.56 0.67 0.8 0.94 1.08 1.22 1.34 1.44 1.51 1.55 
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Table 16 B 
Axial 
Node 
13 14 15 16 17 18 19 20 21 22 23 24 
Power 
density 
1.55 1.51 1.44 1.34 1.22 1.08 0.94 0.8 0.67 0.56 0.47 0.42 
 
 
 
 
Figure 15 
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The connections are: 
1. From Break to Pipe 
2. From Pipe to Break 
3. Between Heat Structure and Pipe 
4. Between Heat Structure and Power 
 
4.2. DNB Models 
The DNB Models are the assemblies A0, A1, A2, A3, A4, A8, A11, and A12. The 
parameters stated for these models are in Table 17 A and 17 B. 
Table 17 A 
  A0 A1, A2 A3 A4, A11 A8, A12 
Rods array 5x5 6x6 5x5 
Number of 
heated rods 
25 36 25 24 
Number of 
thimble 
rods 
0 1 
Heated rod 
outer 
diameter 
(mm) 
9.5 
Thimble rod 
outer 
diameter 
(mm) 
- 12.24 
Heated rods 
pitch (mm) 
12.6 
Axial heated 
length (mm) 
3658 
Flow 
channel 
inner width 
(mm) 
64.9 77.5 64.9 
Axial power 
shape 
Uniform Cosine 
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Table 17 B 
  A0 A1, A2 A3 A4, A11 A8, A12 
Number of 
MV spacers 
5 7 
Number of 
NMV 
spacers 
2 
Number of 
simple 
spacers 
6 8 
MV spacer 
location 
(mm) 
610, 1219, 
1829, 2438, 
3048 
457, 914, 1372, 1829, 2286, 
2743, 3200 
471, 925, 1378, 1832, 2285, 
2739, 3247 
NMV spacer 
location 
(mm) 
0, 3658 2.5, 3658 
Simple 
spacer 
location 
(mm) 
305, 914, 
1524, 2134, 
2743, 3353 
229, 686, 1143, 1600, 2057, 
2515, 2972, 3429 
237, 698, 1151, 1605, 2059, 
2512, 2993, 3051 
 
As well as the subchannel models, in order to model this model in TRACE, the software 
SNAP was used. In SNAP has been created: 
 Three hydraulic components. 
 One control system. 
 One thermal power. 
 One power component. 
 Four connections. 
 
 
 
The hydraulic components have been: 
 Pipe 
 Fill 
 Break 
The features of the modeled pipes are in Table 18. 
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Table 18 
 A0, A1, A2, A4, 
A11 
A8, A12 A3 
Total length (m) 3.658 3.658 3.658 
Hydraulic 
diameter (m) 
9.7042·10
-3 
9.427·10
-3 
9.981·10
-3 
Number of cell 24 24 24 
Orientation Vertical Vertical Vertical 
Volume per cell 
(m
3
) 
3.7189·10
-4 
3.6476·10
-4 
5.265·10
-4 
Flow area per cell 
(m
2
) 
2.44·10
-4 
2.3931·10
-4 
3.4545·10
-4 
 
As well as the bundle models of the void fraction, these pipes require the collocation of 
the spacer. 
The localization of the spacers can be seen in Table 19 A, 19 B, 20 A, 20 B, 21 A, and 
21 B.  
Table 19 A. Localization of the spacer for models A4, A8, A11, and A12 
Edge 1 2 3 4 5 6 7 8 9 10 11 12 
Spacer Y N Y Y Y N Y Y N Y Y N 
 
Table 19 B. Localization of the spacer for models A4, A8, A11, and A12 
Edge 13 14 15 16 17 18 19 20 21 22 23 24 25 
Spacer Y N Y Y N Y Y N Y Y N Y Y 
 
Table 20 A. Localization of the spacer for model A0 
Edge 1 2 3 4 5 6 7 8 9 10 11 12 
Spacer Y N Y N  Y N Y N Y N Y N 
 
Table 20 B. Localization of the spacer for model A0 
Edge 13 14 15 16 17 18 19 20 21 22 23 24 25 
Spacer Y N Y N Y N Y N Y N Y N Y 
 
Table 21 A. Localization of the spacer for models A1, and A2 
Edge 1 2 3 4 5 6 7 8 9 10 11 12 
Spacer Y N Y Y N Y Y N Y Y N Y 
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Table 21 B. Localization of the spacer for models A1, and A2 
Edge 13 14 15 16 17 18 19 20 21 22 23 24 25 
Spacer Y N Y Y N Y Y N Y Y N Y Y 
 
The Fill and the Break work the same as the subchannels models, except for the type of 
break and fill for A11 and A12. For A11 and A12, the break type is input pressure table. 
Therefore, a pressure table for each second has to be given. The fill type is Generalized 
State Table. Consequently, a table with velocity of gas and liquid, temperature of gas 
and liquid, gas void fraction, pressure and partial pressure has to be given. The velocity 
of liquid and gas have the same values as well as temperature of liquid and gas. 
Consequently, initially the two phases flow model is considered homogeneous 
equilibrium model. The partial pressure initial and void fraction is considered 0. 
The control system is the signal time variable as well as model S1. 
The thermal power is the heat structure. These have the features in Table 22. 
Table 22 
 A1, A2, A4, A11 A8, A12 A3 
Geometry Cylindrical Cylindrical Cylindrical 
Plane Along Z Along Z Along Z 
Surface Outer Outer Outer 
Thickness (m) 4.75E-3 4.75E-3 4.75E-3 
Material Inconel 
600/Aluminia/ 
Helium 
Inconel 
600/Aluminia/ 
Helium 
Inconel 
600/Aluminia/ 
Helium 
Radial Nodes 10 10 10 
Starting at Cell 1 1 1 
Ending at Cell 24 24 24 
Surface 
multiplayer 
25 24 36 
 
The material used and lengths modified are depicts in the following Table 23. 
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Table 23 
Material Region Inner Length 
(m·10
-3
) 
Outer Length 
(m·10
-3
) 
Material 
1 0 0.527 Helium 
2 0.527 1.05 Helium 
3 1.05 1.58 Helium 
4 1.58 2.11 Helium 
5 2.11 2.9 Helium 
6 2.9 3.1667 Aluminia 
7 3.1667 3.694 Aluminia 
8 3.694 4.1 Aluminia 
9 4.1 4.75 Inconel 600 
 
The power component is a power element of constant power for A0, A1, A2, A4, and 
A8 and a table look-up power for A11, A12. Its radial power shape is adjusted to turn 
off power in non-fuel region and its power shape table is uniform. In order to define the 
power the initial power has to be given. The axial power density is uniform for A0, A1, 
A2, and A3 but has a cosines shape for A4, A8, A11, and A12. The density of this 
power can be seen in Table 24 A, and 24 B.  
Table 24 A 
Axial 
Node 
1 2 3 4 5 6 7 8 9 10 11 12 
Power 
density 
0.42 0.47 0.56 0.67 0.8 0.94 1.08 1.22 1.34 1.44 1.51 1.55 
 
Table 24 B 
Axial 
Node 
13 14 15 16 17 18 19 20 21 22 23 24 
Power 
density 
1.55 1.51 1.44 1.34 1.22 1.08 0.94 0.8 0.67 0.56 0.47 0.42 
 
The connections are: 
1. From Break to Pipe 
2. From Pipe to Break 
3. Between Heat Structure and Pipe 
4. Between Heat Structure and Power 
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5. Results 
This section is subdivided in void distribution results and DNB results.  
 The Void Distribution Results comprise two exercises: Steady-State Single 
Subchannel and Steady-State bundle. 
 The DNB Results are made up of three exercises: Steady-State Fluid 
Temperature, Steady-state DNB, and Transient DNB. 
 
5.1. Void Distribution Results 
Thermal and nuclear characteristics of a reactor are strongly affected by the void 
fraction. It is therefore an important parameter to consider in the core-fuel design of a 
reactor. The different values of the void fraction in the coolant give rise to different 
capabilities to quench the core. Likewise, the redistribution of coolant, due to the void 
fraction, may cause an increase or decrease of the power on account of the void 
reactivity feedback mechanism. [8] [11]  
Two studies have been carried: 3 test in Steady-State Single Subchannel, and 4 test in 
Steady-State Bundle. 
 
5.1.1. Steady-State Single Subchannel 
The Steady-State Single Subchannel is subdivided in three tests.  The first test regard to 
a center subchannel, the second is a center subchanel with thimble and the third is a side 
subchannel. Each test is related to a different model. It can be seen in Table 7. 
The data has to be subtracting from the axial elevation of 1.4 m from the beginning of 
the heated length according to OECD/NRC Benchmark Based on NUPEC PWR 
Subchannel and Bundle Test (PSBT) [7].  
The range of initial conditions is shown in Table 25. 
Table 25 
RANGE T1 T2 T3 T1+T2+T3 
Pressure 
(MPa) 
4.9-16.5 4.9-16.5 4.9-14.7 4.9-16.5 
Temperature 
(K) 
 
437.27-612.85 467.35-618.15 462.15-607.65 437.27-618.15 
Mass Flux 
(kg/s) 
0.058-0.422 0.053-0.446 0.093-0.208 0.053-0.446 
Power (kW) 19.9-90.0 15.0-60.2 25.2-40.5 15.0-90.0 
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The comparisons of the experimental data and results can be seen in Figures 16 and 17. 
As can be seen the values of TRACE and the measured data are qualitatively good. In 
the Test 2, when a thimble is introduced in the subchannel, the values are mildly 
overpredicted. To have a better understanding of the values a simple analysis of the 
error has carried out. It can be seen in Figures 18 and 19. 
 
 
Figure 16. Void Fraction TRACE vs MEASURED for Test 1 and Test 2 
 
 
Figure 17. Void Fraction TRACE vs MEASURED for Test 3 and Test 1+2+3 
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Figure 18. Void Fraction Error Test 1 and Test 2. 
 
 
Figure 19. Void Fraction Error Test 3 and Test 1+2+3. 
 
The number of data, values of mean, and standard deviation can be seen in the Table 26. 
Table 26 
 T1 T2 T3 T1+T2+T3 
Number of 
Data 
43 42 19 104 
Mean 
 
0.02 0.02 0.01 0.02 
Standard 
deviation 
0.06 0.05 0.08 00.6 
 
The void fraction is close to zero. It can be seen by the histogram (Figure 18 and 19) 
and by the value of the mean in Table 26.  
The standard deviation of the tests is between 0.05 and 0.08, which can be considered as 
a good value. 
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Therefore, for this first exercise, the values calculated by TRACE are considered 
acceptable. 
 
5.1.2. Steady-State Bundle 
In the steady-state bundle four tests were performed, Test 5, 6, 7 and 8. Tests 5 and 8 
use the same model B5, a 5x5 bundle which simulates the same behavior as a 17x17 
PWR. Test 6 use the model B6, which has the same geometry as the model B5 but it has 
a different axial power distribution. Test 7 was performed using the model B7, which 
has the same geometry as B6 but one heat rod has been changed by a thimble. 
The experimental data has been drawn from three different sections of the bundle 
according to OECD/NRC Benchmark Based on NUPEC PWR Subchannel and Bundle 
Test (PSBT) [7]. The upper, middle and lower section  which their localization from the 
bottom of the core are 3177 mm, 2669 mm and 2216 mm, respectively.  
The range of initial conditions is shown in Table 27. 
Table 27 
RANGE T5 T6 T7 T8 T5+T6+T7+T8 
Pressure 
(MPa) 
4.8-16.6 4.9-16.6 4.9-16.6 4.9-16.6 4.8-16.6 
Temperature 
(K) 
 
422.25-
595.15 
415.85-
594.85 
416.55-
594.35 
421.75-
594.75 
415.8-595.15 
Mass Flux 
(kg/s) 
 
1.35-10.24 1.35-10.38 1.42-10.1 1.38-
10.64 
1.35-10.64 
Power (kW) 0.96-4.02 0.96-3.9 1.02-4.03 0.96-3.53 0.96-4.03 
 
The comparison between the data provided and the results of TRACE can be seen in 
Figures 20, 21, 22, 23, and 24. 
  
Figure 20. Void Fraction TRACE vs MEASURED for Test 5 
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Figure 21. Void Fraction TRACE vs MEASURED for Test 6 
 
 
     Figure 22. Void Fraction TRACE vs MEASURED for Test 7 
 
 
Figure 23. Void Fraction TRACE vs MEASURED for Test 8 
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Figure 24. Void Fraction TRACE vs MEASURED for Test 5+6+7+8 
 
At lower elevation, the values of TRACE are usually overpredicted. At middle 
elevation, the values of TRACE tend to be closer to experiment. At upper elevation, the 
values of TRACE are usually underpredicted.  
An error analysis has been carried out in order to have a better understanding of error 
distribution. It can be seen in Figures 25, 26, 27, 28, 29, and in Tables 28, 29, and 30. 
 
 
 
 
Figure 25. Void Fraction Error Test 5 
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Figure 26. Void Fraction Error Test 6 
 
 
Figure 27. Void Fraction Error Test 7 
 
 
Figure 28. Void Fraction Error Test 8 
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Figure 29. Void Fraction Error Test 5+6+7+8 
 
 
Table 28 
 T5 T6 
Number 
of data 
73 74 
 Lower Middle Upper Lower Middle Upper 
mean 0.02 0.00 -0.01 0.03 -0.02 -0.10 
Standard 
deviation 
0.04 0.06 0.04 0.04 0.06 0.05 
 
Table 29 
 T7 T8 
Number 
of data 
73 30 
 Lower Middle Upper Lower Middle Upper 
mean 0.08 0.00 -0.09 0.02 -0.08 -0.12 
Standard 
deviation 
0.05 0.07 0.05 0.09 0.06 0.04 
 
Table 30 
 T5+T6+T7+T8 
Number of Data 250 
 Lower Middle Upper 
Mean 
 
0.04 -0.02 -0.10 
Standard 
deviation 
0.05 0.07 0.05 
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Note that at the lower section, where the values are overpredicted, the error mean is 
positive. At the middle section, where the values are qualitatively good, the error mean 
is almost zero.  At the upper section, where the values are underpredicted, the error 
mean is negative.   
                                                              (55) 
In this case, TRACE exhibits a systematic bias for the lower and upper section. The 
results are considered good. 
 
5.2. DNB 
The Departure of Nucleate Boiling is one of the most important accidents conditions 
that can occur in a PWR nuclear plant. When DNB appears the heated surface is high 
enough to deform, swell, embrittle and burst the fuel cladding.  
In the section three studies have been carried out: Steady-State Fluid Temperature, 
Steady-State DNB and Transient DNB. 
 
5.2.1. Steady-State Fluid Temperature 
The Steady-State Fluid Temperature consists of the comparison of the experimental data 
and the values calculated by TRACE. Here, only one test has been performed (Test 1).  
The experimental data has been obtained by placing by 6x6 thermocouples at the axial 
elevation of 457 mm above the end of the heated length. Therefore, the values of the 
fluid temperature depend on the localization of thermocouples in the cross-section of the 
bundle.  
The range of initial conditions is shown in Table 31. 
Table 31 
RANGE T1 
Pressure (MPa) 4.9-16.6 
Temperature (K) 
 
357.65-562.40 
Mass Flux (kg/s) 
 
0.3-11.6 
Power(MW) 
 
0.11-3.40 
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Figure 30. Fluid Temperature at the exit TRACE vs MEASURED for Test 1 
 
In Figure 30, the horizontal lines represent the range of measured fluid temperature. In 
addition, comparison of an average of the fluid temperature has been done. This 
comparison can be seen in Figure 31. As can be seen, seems that TRACE predicts the 
exit fluid temperature very well. An error analysis has been carried out with the average 
of measured data. In Figure 32, the error analysis can be seen. The number of data, 
mean and standard deviation of the analysis can be seen in Table 32. 
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Figure 31. Fluid Temperature at the exit TRACE vs MEASURED Average for Test 1 
 
 
 
Figure 32. Fluid Temperature Error Test1 
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Table 32 
 T1 
Number of Data 59 
Mean (ºK) 
 
-0.80 
Standard deviation (ºK) 3.02 
 
Based on above results, it can be concluded that TRACE predicts bundle exit 
Temperature with high accuracy. 
 
5.2.2. Steady-State DNB 
The Steady-State DNB is made up by tests T0, T2, T3, T4, T8, and T13. Each of these 
tests use their own model explained in Chapter 3.The purpose of this study is to assess 
the capability of TRACE to predict the power when the DNB occurs. 
The data provided was drawn from thermocouples attached to the inner surface of the 
heater rods. In order to obtain the data, the bundle power is increased continually and 
gradually by fine steps until one of these thermocouples confirms a rod temperature rise 
than more than 11ºC.  In TRACE the same procedure has been followed, even though 
the signal which points out when the DNB power occurs has been the outer surface of 
the heat rods. This fact is not considered as an error because the time when the DNB is 
produced is practically equal for the inner and surface heat rod. 
The range of initial conditions is shown in Table 33. 
Table 33 
RANGE T0 T2 T3 T4 T8 T13 ∑T  
Pressure 
(MPa) 
9.75-
16.79 
 
4.84-
16.75 
9.80-
16.65 
4.93-
16.62 
4.92-
16.63 
12.26-
16.62 
4.84-
16.79 
 
Temperature 
(K) 
 
420.25-
605.55 
395.75-
606.95 
434.55-
607.65 
421.35-
606.05 
430.65-
605.75 
524.65-
595.25 
395.75-
606.95 
 
Mass Flux 
(kg/s) 
 
3.43-
12.06 
0.77-
11.64 
4.71-
16.24 
1.38-
11.53 
1.37-
11.53 
3.32-
9.42 
0.77-
16.24 
 
 
The comparisons of measured data and results of TRACE are showed in the Figures 33, 
34, 35, and 36. In general TRACE slightly underpredicted the DNB power. However, 
the result is conservative. 
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Figure 33. DNB Power TRACE vs MEASURED for Test 0 and 2 
 
 
 Figure 34. DNB Power TRACE vs MEASURED for Test 3 and 4 
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Figure 35. DNB Power TRACE vs MEASURED for Test 8 and 13 
 
 
Figure 36. DNB Power TRACE vs MEASURED for Test 0+2+3+4+8+13 
 
An error study has been carried out. The results can be seen in Figures 37, 38, 39, and 
40 and in Table 34. 
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Figure 37. DNB Power Error for Test 0 and 2 
 
 
Figure 38. DNB Power Error for Test 3 and 4 
 
 
Figure 39. DNB Power Error for Test 8 and 13 
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Figure 40. DNB Power Error for Test 0+2+3+4+8+13 
 
Table 34 
 T0 T2 T3 T4 T8 T13 ∑T 
Number 
of Data 
70 76 57 76 93 60 432 
Mean 
(MW) 
 
0.10 -0.38 -0.66 -0.19 -0.22 -0.42 -0.28 
Standard 
deviation 
(MW) 
0.17 0.37 0.3 0.37 0.36 0.14 0.38 
 
 
These values are considered good. Usually, as can be seen in the mean of Table 34, the 
values of TRACE are underpredicted. Consequently, TRACE has a conservative 
behavior. 
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5.2.3. Transient DNB 
This study serves to assess the capability of prediction of TRACE. Here, four transient 
scenarios have been performed (power increase, flow reduction, temperature increase, 
and depressurization) with two different assemblies.  
These transients consist of predicting time the DNB occurs. 
The outcomes obtained are shown in Table 35. 
Table 35 
Test Transient DNB 
Measured  (s) 
DNB TRACE 
(s) 
Time 
difference (s) 
11T Power Increase 106.7 96.0 -10.7 
Flow Reduction 52.9 46.0 -6.9 
Depressurization 88.8 81.0 -7.8 
Temperature 
Increase 
140.6 130.0 -10.6 
12T Power Increase 86.6 75.0 -11.6 
Flow Reduction 55.0 49.0 -6 
Depressurization 143.8 137.0 -6.8 
Temperature 
Increase 
128.8 123.0 -5.8 
 
As can be seen in Table 35, the values of TRACE are underpredicted. Therefore, 
TRACE predicts the appearance of DNB before it happens which can be considered as a 
conservative way to preserve the safety of the core. Additionally, the span of the time 
difference between TRACE and measured DNB is just around 5 and 11 seconds. 
Therefore, it can be considered that TRACE gives good enough results for this 
experiment. 
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6. Conclusions 
The main objective of this thesis was the assessment and validation of the numerical 
model TRACE for subchannel void fraction and departure from nucleate boiling based 
on a full scale data on a prototypical PWR rod bundle. The conclusions are divided 
according to the exercise carried out: 
 
 The Steady-State Single Subchannel has been observed that the results match 
well with the experimental data. The mean error and the standard deviation is 
0.02 and 0.06, respectively. Consequently, the results, given by TRACE, are 
considered good. 
 
 The Steady-State Bundle shows different trends regarding the elevation where 
the measurements have been performed. Lower elevation is usually 
overpredicted, whereas upper elevation is normally underpredicted. Middle 
elevation gives satisfactory results. In this case, it has considered that the results 
show a consistent bias which should be addressed by improving its models of 
correlations. 
 
 The Steady-State Fluid temperature has been predicted very well by the TRACE 
code. 
 
 Steady-State DNB is usually underpredicted by average of -0.28. These results 
have a conservative behavior. It has been therefore considered that the results 
are good enough.  
 
 Transient DNB is underpredicted but the difference of time when the DNB 
occurs is not bigger than 11 seconds. Therefore, it has been considered that 
TRACE is good in predicting the occurrence of the DNB. 
 
To conclude, it can be said that TRACE gives good enough results to the 5 with a 
consistent bias for Steady-State Bundle, Steady-State DNB and Transient DNB. 
Nevertheless, it would be possible to modify TRACE in order to remove the bias. As a 
recommendation for future work, experiments where just one or two variable is 
modified, such as temperature, pressure, etc. would be proper so as to have a better 
understanding of DNB and void fraction behavior. 
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Nomenclature 
  = Internal energy 
  = gravity vector 
  = heat transfer coefficient 
    = gas saturation enthalpy 
  = current-time quantity 
    = new-time quantity 
q’ = heat flux 
qd = power deposited directly to the gas or liquid 
w = wall 
 
A = area 
  = shear coefficient 
D = diameter 
   = rate of energy transfer per unit volume across phase interfaces 
G = mass flux 
   = rate of momentum transfer per unit volume across phase interfaces 
  = pressure 
Re = Reynolds number 
  = stress Tensor 
   = velocity vector 
 
  = gas volume fraction 
  = momentum-convection temporal expansion flags 
  = density 
 
  = Interfacial mass-transfer rate (positive from liquid to gas) 
  = azimuthal 
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